Abstract. Static hydrological properties [aer a tion capacity, easily available water, reserve water, water release curves: v ( m ), and spe cific humidity curves] and dynamic hy drolog i cal properties (saturated and un sat ur at ed hydraulic con duc tiv i ty) of sub strates based on industrial cork residue (the bark of Quercus suber L.) and cork compost were studied. Samples of sim i lar granulometry have been used to establish the effect of cork composting on the afore men tioned physical properties. Different mod els were tested to describe the mech a nism of water release from these ma te ri als. Van Genuchten s model (Van Genuchten, 1978) was the best fit and pro duced specific hu mid i ty curves that re vealed slight dif fer enc es in the ratio of water capacity func tion. When cork residues were composted for 7 months, important changes occurred in hy dro log i cal properties of the material as it became more wettable. Water re ten tion sig nificant ly in creased from 45% to 54%, at a potential of 5 kPa, although this did not nec es sar i ly result in in creased water avail able to plants. A study of the unsaturated hydraulic conductivity (K unsat ) of these ma te ri als revealed a significant de crease in the K unsat water po ten tial at 0-5 kPa, which corresponds to the range in which the ir ri ga tion with these sub strates was usually carried out. The long composting process re sult ed in increased K unsat between 4 and 5 times that of uncomposted material, which would improve the water sup ply to the plant.
al., 1997; Milks et al., 1989a; Orozco, 1995; Orozco and Marfà, 1995; Otten, 1994; Wallach et al., 1992a Wallach et al., , 1992b . This model can be used to determine the water capacity function (d v /d m ) in a porous me di um (Hillel, 1971) . This parameter can be used to compare materials, since it indicates the range of tensions at which the maximum water release ratio occurs and its magnitude.
Water flowing to the roots through a po rous medium not only depends on the gradient of the matric potential ( m / x), but also on the hydraulic conductivity of the medium. Characteristics of the substrates in a porous matrix determine that slight changes in m , generally above -5 kPa, are associated with much greater reductions in unsaturated hy drau lic conductivity (K unsat ) than in field soils (K unsat in substrates ranged from 10 -4 to 10 -6 cm·min -1 ) (da Silva, 1991 Silva, , 1993 Orozco, 1995; Orozco and Marfà, 1995; Wallach et al., 1992b) . It is, therefore, likely that the hydraulic discontinuity imposed by the walls of the container, associated with the sharp drop in K unsat , produces notable increases in resistance in the soil-root interphase (Nobel, 1994; Passioura, 1988) . As a consequence, water stress can be induced in the plant, which affects productive and ecophysiological pa ram e ters (Orländer and Due, 1985; Raviv et al., 1993) . Significant relationships between growth parameters and substrate K unsat have been found in lettuce , pepper, and carnation (Marfà, 1997) . Ac cord ing to Orozco and Marfà (1995) , m may not be sufficient as the sole parameter in the manage ment of substrate irrigation. In addition to the static conditions of the water in the me di um, dynamic parameters must also be con sid ered that permit flows to be estimated.
When substrate K unsat is determined in a laboratory it is difficult to generate constant, low rates of water flow that correspond to potentials lower than -3 kPa (Marfà, 1997) . Therefore, in the last few years, models to estimate K unsat have been developed from wa ter release curves characteristic for a medium and its saturated conductivity (K sat ). The most frequently used model is one developed for field soils by Mualen (1976) , which applies the analytical solution proposed by Van Genuchten (1980) and which has also been used in several works to estimate conduction properties in container media (Burés et al., 1997; da Silva, 1991; Orozco, 1995; Orozco and Marfà, 1995; Otten, 1994; Wallach et al., 1992a Wallach et al., , 1992b . Experiments have been carried out validating this model, demonstrating that the results accurately coincide with values of K unsat obtained experimentally in the laboratory for a wide range of substrates (Burés et al., 1997; Otten, 1994; Wallach et al., 1992b) .
The aim of this work is to study both the static and dynamic hydrological properties of industrial cork residue (IC), bark of Quercus suber, and cork compost for use as a container medium. A second objective is to establish the effect of prolonged composting on these properties.
Materials and Methods
IC and IC composted for 4 (CC-4) and 7 months (CC-7), all of them with the same particle size distribution, were studied to establish the ef fects of the composting process on the hy dro log i cal characteristics of this material. The granulometry was done on the basis of size distribution standards for IC. These were ex pressed in relation to volume: 31%<0.5 mm; 0.5 mm<21%<1 mm; 48%>1 mm (Carmona, 1999) . Samples were obtained by cutting cylin dri cal containers, made of eight su per posed steel rings 2 cm high and 8 cm in diameter, specifically designed for the de ter mi na tion of certain physical parameters in container condi tions. The containers were care ful ly filled, two rings at a time, with the cor re spond ing volume and standard granulometry indicated above, the base of the lower ring being cov ered with nylon mesh.
Previous trials indicated the difficulty of obtaining perfect saturation of samples in con tain ers by immersion in water for 24-48 h. For this reason, two saturation methods were used: 1) saturation by immersion for 1 week; and 2) saturation by boiling, which helps to expel the air trapped in pores. With each of the three substrates, a total of 10 containers were filled. Saturation by immersion was carried out in five containers and saturation by boiling in another five. After saturation, the containers were covered by a petri dish to prevent evaporation and drained for 24 h. After this, alu min i um plates 0.25 mm thick were inserted between rings to separate layers. Substrate from the upper ring of each container was not analyzed,
The hydrological characterization of a sub strate for container production involves the study of the static properties of the water in the medium (capacity-intensity relations and en er get ic state of the water in the medium) (Clute, 1986) and of the dynamic parameters, which describe hydraulic conductivity (Fonteno, 1993; Marfa, 1997) .
The diversity of materials used as growing media has highly variable water release be hav iors (Fonteno et al., 1981; Martinez et al., 1991; Milks et al., 1989a Milks et al., , 1989b Milks et al., , 1989c Orozco and Marfa, 1995; Riviera et al., 1990) . Models to describe water release curves have been de vel oped which relate the volumetric humidity ( v %) with matric potentials ( m ) (Karlovich and Fonteno, 1986; Martínez et al., 1993; Michiels et al., 1993) . Water-air relationships can be predicted with these models and the water retention of the substrate determined. For mineral soils, one of the most accepted is Van Genuchten s nonlinear para met ric mod el (1978, 1980) , which is often used to describe water release in different substrates (Burés et due to substrate disturbance during handling operations. Nylon mesh attached by elastic bands covered the base of the ring.
Water release curves were de ter mined at low suction (<1 kPa) by a sand bed and at high potential (1-30 kPa) by suction funnels with a porous plate (De Boodt et al., 1974a) . Suction values for potentials between 0 and 1 kPa corresponded to the center of the ring, 2 cm high. For humidity content at at mo spher ic pressure, the corresponding value of effective porosity (EP) was taken.
The number of repeats for each material and saturation method were: six for potentials <1 kPa and from 10 to 30 kPa, and 12 for potentials from 1 to 10 kPa.
After obtaining the water release curves, the rings filled with substrate were recovered and the pseudoreal density (SPD) was de ter mined by submersion , and also the bulk density (BD) (De Boodt et al., 1974a) in order to calculate the EP of each material.
The empirical data of each set of values v ( m ), were used to obtain a mathematical fit of the water release curves. This was done using the following three models: , n, and m = parameters that define the form of the water release curve r , , and n are determined by fitting the curve. As proposed by Van Genuchten and Nielsen (1985) , m can be assumed to be a function of n : m = 1 -1/n.
After the empirical values for each mate ri al v ( m ) had been adjusted to fit the Van Genuchten s model, the differential or spe cific curves of water release d v /d m were determined (Hillel, 1971) .
Determination of K sat was carried out with a constant charge permeameter as de scribed by Wallach et al. (1992a) . To do this, PVC tubes 20 cm long and 8 cm in diameter were filled with substrates of known granulometry. These tubes were filled in five consecutive operations in an attempt to achieve a uniform granulometric distribution through out the whole tube. After covering the bases with nylon mesh attached by elastic bands, the tubes were placed vertically for saturation for various lengths of time that had been es tab lished in previous trials. This varied from 2 weeks in the composted materials (CC-4 and CC-7) to 1 month in the noncomposted residue (IC). After a first determination of K sat with this saturation procedure, tubes con tain ing the same sample were submitted to a second saturation by boiling in water for sev er al hours, after which K sat was measured again.
Measurements were made within the range of validity of Darcy s law, demonstrating a linear relationship between the pressure gra di ent applied ( h) and the flow generated (Q). The high K sat of cork-based materials makes small h values very difficult to measure accurately since the Q produced are so high that they hinder the laminar regime. To elim i nate this drawback, h was measured with an oil manometer. Six repeat measurements were made for each material saturated by im mer sion and another six measurements for the material saturated by boiling. Unsaturated hydraulic conductivity for each suction value: K unsat ( ), was estimated ac cord ing to Burdine (1953) :
In turn, the relative hydraulic conductivity (K r ) was estimated from the water release curves using the predictive model proposed by Mualen (1976) for soils:
where m is the suction value or matric potential and , n, and m are the ad just ments of the experimental data of v ( m ) to the Van Genuchten s model (1978, 1980) .
Results and Discussion
EP in cork sam ples in which several fractions were mixed in the proportion considered to be standard, ranged from 81% to 83% (Table 1) . Localization of the finest particles between interparticular pores explained why these val ues are lower than those reported by Ordovás et al. (1996) from homogenous cork based substrates in which EP ranged from 84 to 86%. In our samples, particles smaller than 0.25 mm represented 15.5% of the real volume of ma te ri al and 3% of the apparent substrate volume for the IC samples. Their presence, therefore, would reduce EP by 3% in the mixture of the fractions.
Composting increased SPD (Table 1) . This could be due to alteration and perforation of the cork walls in the cells nearer the surface of the particle, which would then become halfoccluded pores in contact with the exterior. Similarly, Ordovás et al. (1996) observed a slight decrease in the occluded porosity as the composting process progressed. The small increases in EP observed indicate the very minor physical alteration that this material suffered as a consequence of microbial attack. This agrees with the results obtained by Avilés et al. (1996) , who did not record the presence of typically lignolytic fungi (Basydiomycetes) during the whole composting process of cork residues. This demonstrated the high bi o log i cal stability of this material even in conditions conducive to decomposition. The water content at 0.1 kPa (Table 2) showed that 48 h of submersion was suf ficient to achieve saturation, which is unusual in substrates. This is likely due to the reduced thickness of the samples (rings 2 cm high) and to the previous saturation of the container by boiling or prolonged immersion for a week. In any case, with the first saturation of the con tain er, only 75% to 90% of EP was achieved (data not shown), which coincides with that described for other materials (Da Silva, 1991; Martínez et al., 1993; Wallach et al., 1992a) .
The air entry suctions ( e ) were higher when the materials were saturated by boiling than by immersion (Table 2) . A similar effect appeared to occur with prolonged composting, since e increased from 0.1 kPa in fresh mate ri al to 0.4 kPa in a 7-month-old compost. This increase in water retention capacity through boiling or composting was more evident at suctions above 1 or 2 kPa, demonstrated by water contents increasing from 40% to 60% depending on the materials. The water release curves, adjusted to fit the Van Genuchten s model, graphically showed the effect of boiling on CC-7 (Fig. 1) .
This increase could be explained by al ter ations in the physical structure of the material after the aforementioned treatments, which resulted in a rise in the proportion of micropores (swelling of particles and sealing of pores, disintegration of the larger particles, per fo ra tion of cell walls, and appearance of new half-occluded pores, etc.). However, the slight ris es in BD, SPD, and EP observed after boiling or composting (Table 1) could not alone explain the magnitude of the increase of water re ten tion.
Boiling or biological degradation during composting reduced the content of substances with a strong hydrophobic character, such as suberin, waxes, and resins, which are com- mon components of cork cell walls (Carmona, 1999) . This could explain the significant rise in water content and wettability of the material after treatment in comparison to the fresh material. The presence of these substances increases the angle of contact between the water and the surface of the cork inducing the pores to empty at a potential lower than that estimated by the law of capillarity for the case of complete wetness (angle of contact = 0) (Hillel, 1971) . It could be concluded, there fore, that an increase in water content after treatment would be more likely, due to a greater affinity of this material for the water rather than a change in its physical properties.
Substrate-water relationship parameters (De Boodt et al., 1974a , 1974b of the materials studied and their comparison with the sub strate considered as "ideal" (Table 3) showed that the aeration capacity (AC), the easily available water (EAW), and the reserve water (RW) are slightly below values considered as optimal. Although prolonged composting re duced the aeration capacity well below the optimum, Ordovás et al. (1997) demonstrated that the difficulty in saturating cork-based substrates under real cultivation conditions ensured adequate aeration of the root system even in shallow containers. Although composting of the material produced an im por tant increase in water retention, this did not result in increased water availability to the plant.
Equations [1] and [2] were not satisfactory to describe the mode of water release from cork and composts of cork-based substrates, in spite of the high determination coefficients obtained in the regressions for the adjustment to empirical values (Tables 4 and 5 ). Both polynomial functions were good at predicting the water release capacity in the first part of the curve Table 5 . Values of the regression co ef ficient for adjustment of the water release curve to the model by Karlovich and Fonteno (1986) , where: v is the volumetric water content (%) and m the suction (kPa). y IC: industrial cork residue saturated by immersion; IC-H: industrial cork residue sat u rat ed by boiling; CC-4: cork composted for 4 months and saturated by immersion; CC-4H: cork composted for 4 months and saturated by boiling; CC-7: cork composted for 7 months and saturated by immersion; CC-7H: cork composted for 7 months and saturated by boiling.
NS, *, ** Nonsignificant or significant at P 0.05 or 0.01, respectively, by Student s t test. Table 6 . Values of the parameters for the adjustment of water release curves to the mod el by Van Genuchten (1978 }; where: v = volumetric water content (%); s = vol u met ric water content at saturation (%); r = volumetric residual water content (%); m = suction (kPa). y IC: industrial cork residue saturated by immersion; IC-H: Industrial cork residue sat u rat ed by boiling; CC-4: cork composted for 4 months and saturated by immersion; CC-4H: cork composted for 4 months and saturated by boiling; CC-7: cork composted for 7 months and saturated by immersion; CC-7H: cork composted for 7 months and saturated by boiling. (1-10 kPa), but logically this deviated from the experimental data in sections where d v /d m approaches zero. The initial plateau presented by materials with a large e (ICH; CC-4H; CC-7H; and CC-7), and the residual water content ( r ), corresponding to potentials above 10-20 kPa, therefore, could not be de scribed by these models. In any case, it is worth noting that these models were proposed to predict the mode of water release under conditions of container capacity, i.e., at low suctions where they did seem to give a good fit. The nonlinear parametric model of Van Genuchten (1978 , 1980 , originally developed for soils (high values of e ), gave a good description of the mode of water release in the substrates studied (Table 6 ). It could correctly predict the initial section of the release curve ( m between 0 and 5 kPa) and v at high suctions ( m between 10 and 30 kPa) (Figs. 1 and 2) .
The water capacity function (Hillel, 1971 ) obtained from the derivative of the functions corresponding to the fits of the experimental data to the Van Genuchten model (Fig. 3) showed that the boiling process in IC-H and CC-4H brought about a increase in the water suction where the maximum rate of water release occurs ( 0.4-0.9 kPa). This process also resulted in a reduction in the rate of water release at low suctions. It could also be observed that the ratio of release was similar above suctions of 1.2 kPa for IC and above 2 kPa for CC-4 independent of the saturation treatment. The water capacity func tion of CC-7 (not shown) was similar. Like wise, longer durations of the composting pro cess (CC-7) resulted in a slight increase of the water suction in which maximum release oc curs. In any case, above 1.5 kPa the three materials demonstrated the same release rate and it could, therefore, be concluded that composting did not produce a significant im prove ment in the characteristics of water re lease. Saturated hydraulic conductivity (K sat ) ( Table 7 ) was similar to those obtained by other authors in different growing media: 0.52 to 7 cm·min -1 for tuff and composted ag ri cul tur al residues (Wallach et al., 1992a (Wallach et al., , 1992b ; from 0.3 to 0.8 cm·min -1 for fine expanded perlites: B6, B9, B10, and B12 (Orozco and Marfà, 1995; Orozco, 1995) . According to Otten (1994) , an interval of between 0.1 and 6.0 cm·min -1 has been described as normal for the substrates, although in very large perlites (A13) Orozco and Marfà (1995) measured up to 181 cm·min -1 . The increase in K sat after boiling could be due to better saturation of the substrate, caused by physical and chemical changes such as improved wettability of the material. This latter phenomenon was supported by the fact that a second boiling process considerably increased K sat in comparison to the same ma te ri al only boiled once (data not shown). The increase in K sat with composting could be interpreted in a similar way. However, in this case the different packaging of the particles among the samples compared introduced an oth er error factor, as it induces changes in the geometry of the interparticular pores and tor tu os i ty, which affected K sat . Otherwise, it would be difficult ) estimated from the an a lyt i cal solution of Van Genuchten (1978 and 1981 3.20·10
; where: K s = saturated con duc tiv i ty (cm·h -1 ); m = suction (kPa); , n, and m: parameters for the adjustment of water re lease curves to empirical data. y IC: Industrial cork residue saturated by immersion; IC-H: industrial cork residue sat u rat ed by boiling; CC-4: cork composted for 4 months and saturated by immersion; CC-4H: cork composted for 4 months and saturated by boiling; CC-7: cork composted for 7 months and saturated by immersion; CC-7H: cork composted for 7 months and saturated by boiling. (n = 6.) to explain the greater conduction capacity in CC-4 compared to CC-7.
The K unsat estimated from the Mualen mod el (1976) and the analytical solution of Van Genuchten (1978 , 1981 (Table 8) showed for all the materials studied a strong reduction in K unsat as the humidity was reduced. This drop, to 10 -6 and 10 -7 of the saturation value in the suction interval from 0 to 10 kPa, was in the order of 100 to 1000 times larger than that described for soils by Hillel (1971) (up to 10 -5 of the saturation value but in the interval from 0 to 100 kPa) and its magnitude coincided with values recorded for materials used as growing media (Burés et al., 1997; Orozco, 1995; Orozco and Marfà, 1995; Wallach et al., 1992a Wallach et al., , 1992b .
The sharp drop in hydraulic conductivity of the substrates can be explained by the increased presence of large pores. Therefore, at weaker suctions these emptied very quickly producing a rapid decrease in the conduction section and an increase in tortuosity.
Comparison of the K unsat values of the mate ri als studied in the interval of m in which irrigation of the substrates usually takes place showed that the materials submitted to pro longed composting presented water trans mis sion capacities between 4 and 5 times greater than noncomposted materials. Therefore, at the same evapotranspiration demand, plants cultivated in these materials would have dif fer ent rates of water supplied in spite of the same matric potential of the cultivation me di um. These differences would be expected to bring about different transpiratory behaviors that would oblige the plant to adopt strat e gies to maintain the equilibrium between tran spi ra tion and absorption. These might include increasing the area of root absorption, osmotic adjustment, reducing foliate expansion, clo sure of stomas, etc., which would correspond to less growth of the aerial part, and reduced production and commercial value of the plant.
The composting process of cork residues produced only a slight alteration in the porous structure of the particles. The increase in the water retention capacity observed after boil ing or composting the residues studied was mainly due to a greater affinity of the material for water resulting from the degradation of hydrophobic substances during these pro cess es. In any case, the increase reported in this parameter did not cause an increase in easily available water to the plant. Composting appeared to increase the water conduction capacity in subsaturation conditions, which would improve the rate of water supply to plants.
